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(57) ABSTRACT

A polarization msensitive optical phase modulator 1s pro-
vided including a glass substrate; a liquid crystal element; a
first electrode on a first surface of the liquid crystal element
adjacent the glass substrate; a second electrode on a second
surface of the liquid crystal element, opposite the first
surface, the first and second electrodes supplying an electric
potential across the liquid crystal element to drnive hiquid
crystals in a predetermined configuration; and a silicon
backplane on the second electrode opposite the liquid crystal
clement. The first electrode 1s a transparent electrode to a
selected wavelength and 1s on a surface of the glass sub-
strate. The second electrode includes individually address-
able pixels and reflection metal mirrors on pixel surfaces and
1s on a surface of the silicon backplane. The modulator
further includes a polymer quarter-wave plate (QWP)
between the second electrode and the liquid crystal element,
the polymer QWP having an optical axis at 45 degrees to
liquad crystal slow axis.

19 Claims, 4 Drawing Sheets
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POLARIZATION INSENSITIVE LIQUID
CRYSTAL ON SILICON (LCOS) PHASE
MODULATORS AND RELATED DEVICES
AND METHODS

CLAIM OF PRIORITY

The present application claims priority to U.S. Provisional
Application No. 63/064,032, filed on Aug. 11, 2020, entitled
Polarization Insensitive Liquid Crystal on Silicon (LCOS)
Phase Modulator, the contents of which are hereby incor-
porated herein by reference as if set forth in its entirety.

FIELD

The present inventive concept relates generally to phase
modulator devices and, more particularly, to optical polar-
1zation 1sensitive liquid crystal based optical phase modu-
lators.

BACKGROUND

Liquid crystal on silicon (LCOS) devices are used, for
example, as optical phase modulators, among other appli-
cations. LCOS devices can spatially manipulate optical
signals by applying a spatially dependent phase profile to the
signals. This has many applications, including beam steer-
ing, spectral compensation, front wave shaping, and holo-
graphic display.

Referring to FIG. 1, a side-view of a conventional LCOS
device 100 will be discussed. As illustrated, the LCOS
device 100 includes a liquid crystal (LC) material 110
between a transparent glass substrate 105 having a trans-
parent electrode 1235, and a metal mirror 115 mounted on a
silicon substrate 101. The transparent electrode 125 may be
an Indium Tin Oxide (ITO) electrode. The mirror 1135 1s
divided 1nto a two-dimensional (2-D) array of individually
addressable pixels. Each pixel 1s individually drivable by a
voltage signal to provide a local phase change to an optical
signal, thereby providing a two-dimensional array of phase
manipulating regions. The liquid crystal element 1s pre-
aligned by two alignment layers 120 which are disposed on
the surfaces of the glass substrate 105 and the silicon
substrate 101, respectively.

As 1illustrated i FIG. 1, a ligmad crystal material 110
includes elongated molecules 107 that have a large scale
orientational order and may have a position order or no
position order depending on the materials used. Due to the
clongated shape and ordered orientation of liquid crystals
107, a liguid crystal element 110 behaves as an anisotropic
dielectric element, having an axis of birefringence in the
direction of the long axis of the molecules. Therefore, liqud
crystal devices, such as LCOS devices, are generally inher-
ently polarization dependent. Consequently, light incident
onto a conventional LCOS device will have one linear
polarization component modified in phase to a greater
degree than the orthogonal component.

Removal or compensation of the polarization dependence
of liquid crystals may reduce or remove the need for
implementing polarization diversity into the optical device.
This may potentially reduce the cost and complexity of
optical system, and may also improve the optical perfor-
mance. Several techniques for rendering a liquid crystal
polarization independent phase modulator are discussed
below.

One technique uses a waveplate formed from a periodic
orid structure comprised of alternating metal and dielectric
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regions. Such a gnid structure may achieve polarization
independent attenuation in a dichroic LC cell or for polar-
1zation modulated vertical cavity surface emitting lasers. For
other optical applications, more advanced control of phase
and polarization 1s required.

Another technique uses a sub-wavelength grating for
polarization independent LCOS. In general, the anisotropic
matenal profile which 1s called retlection sub-wavelength
grating 1s configured to mtroduce, to incident light, a relative
phase difference of 180°, thereby reflecting each polariza-
tion component in an orthogonal orientation. Therefore, the

sub-wavelength grating behaves like a form-birefringent

half-wave plate (HWP). When the light passes through the
LC layer, light with the polarization parallel to the LC
alignment direction 1s phase modulated more than the
orthogonal polarization light, and when the reflected light
passes through LC layer again, that orthogonal polarization
1s phase modulated more than the other. Therefore, a light
beam can be polarization independently phase modulated.

Each addressable pixel of the subset includes a retlective
sub-wavelength grating structure and the grating structure
has a periodic metallic profile which 1s formed on the pixel
clectrode. This method has the advantage of low voltage
drop across the sub-wavelength grating. However, it has
some disadvantages, such as it needs a special LCOS silicon
backplane fabrication process for making the grating, result-
ing in high cost and low yield; the metal layer (belore
etching) 1s several times of thickness as compared to a
general LCOS pixel mirror, resulting 1n difliculty to make
high quality grating; and due to the thick metal layer, it 1s
difficult to etch out small pixel gaps, resulting 1n reduced
pixel fill factor. In summary, using such a techmque, it may
be diflicult to make a polarnization independent LCOS with
low cost and high performance.

Another sub-wavelength metal grating structure on the
surface of the LCOS silicon backplane 1s also discussed. The
fabrication process for such a sub-wavelength grating may
include: disposing a dielectric spacer layer over a reflective
top face of a silicon backplane substrate; forming a sub-
wavelength metal grating over the spacer layer that 1s a
plurality of parallel spaced apart metal strips; and then
disposing a grating cap layer over the sub-wavelength metal
grating.

The main advantage of this method as compared with the
methods discussed above 1s that the fabrication process of a
sub-wavelength grating 1s simplified. However, the fabrica-
tion process 1s still relatively complicated, and 1t still gen-
erally requires a special silicon backplane process. The
disadvantages may include: needing a thick dielectric sepa-
ration layer between the electrical pixel mirror and the
grating metal strips, resulting 1n relatively large potential
voltage drop across the dielectric layer; and having a high
penetration of one polarization light into the separation
dielectric layer and so the reflected light from a pixel mirror
1s partially blocked by the grating metal strips, resulting 1n
high polarization dependent loss (PDL), therefore 1t may be
difficult to realize polarization independent phase modula-
tion.

It has been suggested that a standard pneumatic liquid
crystal LC could be made to be polarization insensitive
through the combination of a double pass of the LC and a
quarter-wave plate. However, the quarter-wave plate 1s thick
and 1t may not be suitable to be used 1n LCOS devices.

A polarization independent variable optical attenuator has
been developed using a quarter-wave plate (QWP) between
a reflection mirror and a LC phase modulator. The QWP 1s
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a crystal plate, so 1t 1s diflicult to use such a technique 1n a
polarization insensitive LCOS.

Thus, each of the conventional techniques for providing
polarization insensitive liquid crystal operation discussed
above have relative disadvantages or shortialls. Accord-
ingly, improved techniques are desired.

SUMMARY

Some embodiments of the present mventive concept
provide a polarization insensitive optical phase modulator
including a glass substrate; a liquid crystal element; a first
clectrode on a first surface of the liquid crystal element
adjacent the glass substrate; a second electrode on a second
surface of the liquid crystal element, opposite the first
surface, the first and second electrodes supplying an electric
potential across the liquid crystal element to drive liquid
crystals 1n a predetermined configuration; and a silicon
backplane on the second electrode opposite the liquid crystal
clement. The first electrode 1s a transparent electrode to a
selected wavelength and 1s on a surface of the glass sub-
strate. The second electrode includes individually address-
able pixels and reflection metal mirrors on pixel surfaces and
1s on a surface of the silicon backplane. The modulator
turther 1includes a polymer quarter-wave plate (QWP)
between the second electrode and the liquid crystal element,
the polymer QWP having an optical axis at 45 degrees to a
liquad crystal slow axis. The reflected light has a 90 degree
polarization rotation before traversing the liquid crystal
clement a second time. The reflected light passing through
the liquid crystal element the second time has a different
phase modulation from that of incident light passing through
the liquid crystal element a first time, such that output light
has a same phase modulation for both polarization compo-
nents.

Further embodiments of the present mmventive concept
provide a liquid crystal on silicon (LCOS) device providing
a substantially polarization independent response to input
light, the LCOS device including a glass substrate having
first and second opposing surfaces; a silicon backplane
having first and second opposing surfaces; a liquid crystal
material between the first surface of the glass substrate
adjacent the liquid crystal material and the first surface of the
s1licon backplane adjacent the liquid crystal material; a first
clectrode on the glass substrate between the glass substrate
and the liquid crystal material, the first electrode being a
transparent e¢lectrode that provides a common potential
voltage V___: and a second electrode on a frame buller pixel

COR?

circuit that includes a first electric gate, a source follower,
and a second electric gate. The second electrode 1n a pixel
1s not limited to frame bufler pixel circuit.

Still further embodiments of the present mnventive concept
provide methods of fabricating a polymer quarter-wave plate
(QWP) for a polarization insensitive optical phase modula-
tor, the method including providing a silicon backplane;
forming a second electrode on the silicon backplane, the
second electrode including individually addressable pixels
and reflection metal mirrors on pixel surfaces; forming an
linear photo-polymernization (LPP) layer on the second elec-
trode; exposing the LPP layer to polarized ultra-violet (UV)
light; forming a liquid crystal polymer (LCP) layer on the
exposed LPP layer; and exposing the LCP layer to un-
polarized UV light to provide the polymer quarter-wave
plate (QWP) between the second electrode and a liquid
crystal element.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the present imnventive concept will
now be described, by way of example only, with reference
to the accompanying drawings 1n which:

FIG. 1 1s a schematic side view of a conventional polar-
1zation dependent liquid crystal on silicon (LCOS) device.

FIG. 2 1s a schematic side view of a liquid crystal device
including a quarter-wave plate (QWP) on a silicon back-
plane of a LCOS 1n accordance with some embodiments of
the present mnventive concept.

FIGS. 3A and 3B are cross sections illustrating processing
steps 1n the fabrication of the quarter-wave plate (QWP) 1n
accordance with some embodiments of the present inventive
concept.

FIG. 4 1s a diagram 1llustrating a waveplate optical axis
diagram for use in accordance with some embodiments of
the present inventive concept.

FIGS. 5A and 5B are diagrams illustrating examples of
frame bufler pixel circuits and control signals 1n accordance
with some embodiments of the present inventive concept.

DETAILED DESCRIPTION

The mmventive concept now will be described more fully
hereinafter with reference to the accompanying drawings, in
which illustrative embodiments of the inventive concept are
shown. This inventive concept may, however, be embodied
in many different forms and should not be construed as
limited to the embodiments set forth herein; rather, these
embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of
the inventive concept to those skilled in the art. Like
numbers refer to like elements throughout. As used herein,
the term “and/or” mncludes any and all combinations of one
or more of the associated listed i1tems.

As used herein, the singular forms “a”,

a’, “an” and “the” are
intended to include the plural forms as well, unless expressly
stated otherwise. It will be further understood that the terms
“includes,” “comprises,” “including” and/or “comprising,”
when used i1n this specification, specily the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
clements, components, and/or groups thereof. It will be
understood that when an element 1s referred to as being
“connected” or “coupled” to another element, 1t can be
directly connected or coupled to the other element or inter-
vening elements may be present. Furthermore, “connected”
or “coupled” as used herein may include wirelessly con-
nected or coupled. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed 1tems.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill 1n the art to
which this inventive concept belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meanming
that 1s consistent with theirr meaning 1n the context of the
relevant art and will not be nterpreted 1 an 1dealized or
overly formal sense unless expressly so defined herein.

As discussed above, sensitivity of the liquid crystal (LC)
variable retarders and optical phase modulators to the polar-
ization of the optical beam may be a disadvantage 1n
applications where the polarization state of the incident light
1s not controlled. Accordingly, some embodiments of the
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present mnventive concept provide a polarization insensitive
optical phase modulator including a liquid crystal element,
disposed between a pair of opposing electrodes. As will be
discussed further below with respect to the figures, 1n some
embodiments, the first electrode 1s a transparent electrode on
the glass substrate and the second electrode 1s a pixel
clectrode on the silicon backplane. On the silicon substrate
surface, a birefringent liquid crystal polymer layer 1s dis-
posed as a quarter-wave plate (QWP), which may have an
optical axis at, for example, 45° to the liquid crystal slow
axis. The quarter-wave plate discussed herein operates 1n a
double-pass manner as the half-wave plate (HWP), and
switches the polarization state of the reflected light to an
orthogonal polarization state. In these embodiments, light
that 1s linearly polarized either parallel or orthogonal to the
LC director traverses through the LC layer once in 1its
original polarization state, and once 1n an orthogonal polar-
ization state, resulting 1n a polarization independent opera-
tion.

The sensitivity of the LC vanable retarders and optical
phase modulators to the polarization of the optical beam
may be a disadvantage 1n applications where the polarization
state of the incident light 1s not controlled. To reduce
polarization dependence for liquid crystal on silicon
(LCOS), a sub-wavelength grating as the HWP have been
proposed to fabricate on the surface of silicon backplane.
These devices have the advantage of relatively low voltage
drop across the grating layer. However, implementation on
the surface of LCOS pixel electrodes may considerably
complicate the LCOS fabrication process and may also
make 1t very diflicult to produce high performance devices
using such techniques.

Accordingly, some embodiments of the present inventive
concept provide a method for making a PI-LCOS device that
incorporates a “thin” quarter-wave plate (QWP) on the
reflection surface of a silicon backplane. A QWP here
operates 1n double-pass manner as the half-wave plate
(HWP), and switches the polarization state of the retlected
light to an orthogonal polarization state. In such an arrange-
ment, light that 1s linearly polarized either parallel or
orthogonal to the LC director travels through the LC layer
once 1n 1ts original polarization state, and once 1n an
orthogonal polarization state, resulting at least 1n theory 1n
a polanization independent operation. One disadvantage to
this method 1s that the addition of a waveplate between
silicon electrode and LC element results in some voltage
drop across the waveplate and therefore may increase the
required operating voltage of the device as compared with a
general LCOS device.

In some embodiments of the present inventive concept, a
frame bufler pixel circuit 1s provided. With frame buller
pixel circuits, a high driving voltage can be provided by
adjusting the potential voltage on the first electrode said
common electrode (V___). V___ can be provided by an
clectronic board outside of the LCOS device which has
relatively no impact on the LCOS design and the fabrication.
Therefore, such a silicon backplane can be fabricated by
using a common LCOS silicon backplane fabrication pro-
cess as will be discussed further herein.

Referring now to FIG. 2, a side view of a PI-LCOS 202
in accordance with some embodiments of the present inven-
tive concept will be discussed. As illustrated, PI-LCOS
includes a glass substrate 205; a first electrode (ITO) 226; a
first LC alignment layer 221; a silicon backplane 204; a
second electrode provided by a metal mirror 216; a QWP
(A14 waveplate) 240; a second LC alignment layer 221; and
an LC layer 211. It will be understood that FI1G. 2 1s provided

10

15

20

25

30

35

40

45

50

55

60

65

6

as an example only and that embodiments of the present
inventive concept are not limited to this particular configu-
ration.

Referring again to FIG. 2, the glass substrate 206 1s
provided on the LC layer 211 to contain the LC 211 having
a uniform thickness between the glass substrate 206 and the
silicon backplane 204. The LC layer 211 may have a
thickness of from about 2 um to about 10 um without
departing from the scope of the present inventive concept,
depending on LC material birefringence and application
light wavelength. The first electrode (ITO) 211 1s on the
glass substrate 206 and 1s transparent to the used light
wavelength. A first LC alignment layer 221 1s positioned on
a surface of the first electrode 125. The silicon backplane
204 has a two-dimensional (2-D) pixel array with a frame
bufler pixel circuit 1n each pixel. The metal mirror 216
positioned on the silicon backplane 204 at the top of each
pixel provides potential voltage to drive LC and also to
reflect incident light. The QWP 240 on the pixel mirrors 216
(second electrode) has an optical axis at, for example, 45° or
a selected angle to the LC alignment direction. A second LC
alignment layer 221 1s on the QWP 240. As discussed above,
the QWP 240 1s a “thin™ layer. As used herein, “thin” refers
to a thickness of from about 0.4 um to about 4 um,
depending on material birefringence and application light
wavelength. The LC layer 211 i1s provided between two
alignment layers 221 and provides a light phase modulation.

In operation, when an optical beam (Beam 1) 1s incident
upon the PI-LCOS 202 from glass substrate 206 side, the
beam passes through the LC layer 211 and then through the
QWP layer 240 a first time and 1s reflected from the pixel
mirrors 216. It then passes through the QWP 240 a second
time (Reflected Beam). In this example, the QWP behaves
as the HWP with double-pass configuration, so 1t switches
the polarization state of the light to an orthogonal polariza-
tion state. In these embodiments, light that i1s linearly
polarized either parallel or orthogonal to LC director travels
through the LC layer once 1n its original polarization state,
and once 1 an orthogonal polarization state, resulting 1n a
polarization 1nsensitive operation 1n accordance with
embodiments discussed herein.

In some embodiments of the present inventive concept, a
liquid crystal polymer (LCP) material 1s used to form a QWP
on the surface of a silicon backplane. The {fabrication
process of polarization diffraction grating and optical wave-
plates has been developed and the LCP based devices have
been already used in some products.

Processing steps in the fabrication of the QWP 1n accor-
dance with some embodiments of the present inventive
concept will now be discussed with respect to FIGS. 3A and
3B. Referring first to FIG. 3A, a linear photo-polymerization
(LPP) layer 250 1s provided on a surface of the silicon
backplane 204 of the LCOS. For example, the LPP layer 250
may be provided by, for example, spin coating, evaporation,
printing or the like. In some embodiments, the thickness of
LPP layer may be from about 50 nm to 100 nm. As shown
in FIG. 3A, the LPP 250 1s exposed by a uniformly polarized
ultraviolet (UV) light beam 260 with the polarization on the
designed direction of QWP optical axis.

Referring now to FIG. 3B, a liquid crystal polymer (LCP)
layer 2535 1s provided on the LPP layer 250 and 1s exposed
with an un-polarized UV light beam 265. This process may
be repeated several times in order to provide a uniform
thickness of the QWP over the whole silicon backplane 204.

LCP materials are commercially available 1n the market
which have a wide range of birefringence, for example, 1n a
range ol from about 0.1 to about 0.4. The selection of the




US 11,442,314 B2

7

LCP material 1s dependent on the LCOS applications. In
general, a thinner QWP layer has a lower voltage drop across
the layer. High birefringence LCP may be preferred for some
applications. For example, for telecommunication applica-
tions, the used light wavelength may be around 1.6 um, so
thickness of the QWP may be about 1.0 um 1f the LCP
material having a 0.4 birefringence 1s used. For display
applications, LCP materials with lower birefringence may be
selected 11 necessary. For LCP matenal selection, multiple
parameters, such as dielectric constant, birefringence, sta-
bility, and the like may be considered.

In some embodiments of the present inventive concept, a
QWP can be either made as a uniform layer covering a
whole pixel array on the silicon backplane or as a patterned
array. Referring now to FIG. 4, example QWP patterns for
use in accordance with some embodiments of the present
imventive concept will be discussed. As illustrated, for
example, LCP 1n columns A and C pixels has optical axis at
45° to the LC slow axis and the LCP in columns B and D
pixels has 0°. It will be understood that other configurations
can be designed depending on the LCOS applications. The
configuration shown in FIG. 4 can provide advantages
associated with both polarization mdependence as well as
additional functionality to modify the polarization states.
Thus, the configurable LCP layer can provide capability to
create, on a pixel by pixel basis, polarization mampulating
clements. This may provide an optimal phase mampulating
matrix with the ability to address either two 1nput polariza-
tions and/or two output polarizations simultaneously.

As discussed above, 1n some embodiments of the present
inventive concept, the PI-LCOS has a relatively thick dielec-
tric layer to form the QWP between pixel mirror electrode
and LC layer, resulting 1n a relatively large voltage drop
across the QWP. As used herein, relatively thick, 1n general,
refers to a thickness from about 0.4 um to about 4.0 um,
depending on LCP birefringence and application light wave-
length. Similarly, a relatively large voltage drop refers to a
voltage drop of s to about 4 of the applied voltage,
depending on dielectric constants and birefringences of LC
and LCP matenals. Therefore, 1n order to fully dnve LC 1n
the PI-LCOS, a higher voltage than general LCOS can
provide 1s generally required which will be discussed in
following sections.

To provide these higher voltages 1n the PI-LCOS, 1n some
embodiments of the present mnventive concept, frame buller
pixel driving circuits are provided. An example circuit 1s
shown 1n FIG. 5A, which provides high voltages to drive the
LC element. As illustrated 1n FIG. 5A, the frame bufler pixel
circuit includes a data passing gate G1, a data storage
capacitor C1, a source follower (SF) a frame data passing
gate G2, and a capacitor C2. In operation, when G1 1s open,
data 1s transferred through G1 and stored on C1. When one
frame of data are fully stored on C1 capacitors 1n all pixels,
(G2 1n each pixel 1s opened at the same time, so data are
transterred through G2 gates and stored on C2 capacitors in
all pixels, which form voltage potentials to drive the LC. In
the frame bufler pixel circuit of FIG. 5A, a pull-down
transistor may be used to clear C2 before G2 1s opened and
then C2 1s charged through the source follower SF after G2
1s opened.

For most LCOS devices, the potential voltage of the
common electrode V___ on the glass substrate 1s fixed. In
order to realize alternating current (AC) driving to the LC
clement, one frame image profile 1s designed into two
profiles in which one has positive potential voltages and the
other one has negative potential voltages as compared to
V . These configured data profiles are loaded onto the

10

15

20

25

30

35

40

45

50

55

60

65

8

LCOS silicon backplane 1 a time sequential manner. There-
fore, the voltage range applied to the LC element 1s fully
determined by the silicon backplane. A common LCOS
silicon backplane, in general, 1s not capable to provide high
enough voltages to fully modulate the LC element in the
present disclosure of PI-LCOS. For example, a common
LCOS pixel provides 5 V and Vcom has to be set at 2.5V,
resulting in voltage amplitude within 2.5 V. Such voltage
amplitude 1s not large enough to fully drive LC element 1n
PI-LCOS due to relatively large voltage drop across QWP
layer. The significant advantage of the frame builer pixel
circuit based LCOS 1s that a high drniving voltage can be
applied by adjusting flip-flopped V___ . as shown in FIG. 5B.

It will be understood that the frame bufler pixel circuit of
FIG. 5A 1s provided for example purposes only. Other circuit
configurations may be used without departing from the
scope of the present mventive concept.

As shown in FIG. 5B, in operation, one frame voltage
profile can be designed into two profiles 1n which one 1s
correlated with positive V™ __ and the other one is correlated
with negative V™ ____ and then they are time sequentially
loaded onto the silicon back plane. For example, when a
pixel provides a potential voltage from 1 V to 4 V and
V¥ com is set to 10 V and V™ com 1s set to =5 V, a voltage of
6 V to 9 V can be applied to the LC element. Thus, with the
frame bufler pixel circuit, the LCOS can easily provide high
enough voltage to drive LC element even though some
voltage drop happens across QWP layer. Vcom 1s provided
by an outside electronic board, so it does not aflect the
silicon backplane circuit design and fabrication. Therefore,
a general LCOS silicon backplane fabrication process can be
used to fabricate such PI-LCOS silicon backplanes, resulting
in low cost and high yield production.

Referring to FIG. 3B, the LCOS operational timing 1s
discussed here. When Vcom 1s switched to Frame-1, for
example, frame-1 data are transferred through G1 gates by
open 1 gates time sequentially and stored on C1 capacitors
in all pixels. Then, Vcom 1s switched to frame-2, and pull
down gates and G2 gates 1n all pixels are open to clean C2
first and then charge C2 1n all pixels. After G2 gates are
closed, all frame-1 data are stored on C2 capacitors and
voltages are simultaneously applied onto LC elements.
When frame-1 data are displaying, frame-2 data are loaded
onto pixels and stored on C1 capacitors. Such process 1s
repeated 1n the whole operation time.

As discussed briefly above, some embodiments of the
present inventive concept provide an improved liquid crystal
based optical phase modulator device. In particular, a phase
modulator 1s provided that 1s substantially polarization inde-
pendent for arbitrary input polarizations. Furthermore,
methods 1 accordance with embodiments of the present
inventive concept may have several advantages over other
polarization independent LCOS solutions, including, for
example:

(1) A general LCOS silicon backplane fabrication process
can be used, resulting 1n low cost and high yield production.

(2) The quarter-wave plate fabrication process 1s rela-
tively simple, resulting in low cost manufacturing.

(3) The applied voltage amplitude can be easily adjusted
to meet PI-LCOS’” requirement through adjusting V__m
provided by an electronic board.

(4) The proposed LCOS potentially has high perfor-
mance, including high brightness, low tlicker effect, and the
like.

In the drawings and specification, there have been dis-
closed exemplary embodiments of the inventive concept.
However, many variations and modifications can be made to
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these embodiments without substantially departing from the
principles of the present inventive concept. Accordingly,
although specific terms are used, they are used in a generic
and descriptive sense only and not for purposes of limitation,
the scope of the inventive concept being defined by the 5
following claims.

That which 1s claimed 1s:

1. A polarization 1insensitive optical phase modulator
comprising;

a glass substrate;

a liquid crystal element;

a first electrode on a first surface of the liquid crystal

clement adjacent the glass substrate;

a second electrode on a second surface of the hiquid
crystal element, opposite the first surtace, the first and
second electrodes supplying an electric potential across
the liquid crystal element to drive liquid crystals in a
predetermined configuration;

a silicon backplane on the second electrode opposite the
liquid crystal element;

wherein the first electrode 1s a transparent electrode to a
selected wavelength and 1s on a surface of the glass
substrate; and

wherein the second electrode includes individually
addressable pixels and reflection metal mirrors on pixel
surfaces and 1s on a surface of the silicon backplane;
and

a polymer quarter-wave plate (QWP) between the second
clectrode and the liqud crystal element, the polymer
QWP having an optical axis at 45 degrees to a liquid
crystal slow axis,

wherein reflected light has a 90 degree polarization rota-
tion before traversing the liquid crystal element a
second time; and

wherein the reflected light passing through the liquid
crystal element the second time has a different phase
modulation from that of incident light passing through
the liquid crystal element a first time, such that output
light has a same phase modulation for both polarization
components.

2. The polarization 1nsensitive optical phase modulator of
claiam 1, wherein the polymer QWP comprises a quarter-
wave plate for the selected wavelength.

3. The polarization insensitive optical phase modulator of .
claim 2, wherein selected wavelength has a range of from
0.4 um to 2.0 um for display and/or telecommunication
applications.

4. The polarization insensitive optical phase modulator of
claim 1, wherein the polymer QWP comprises a birefringent .,
liquid crystal polymer on a surface of a linear photo-
polymerization layer.

5. The polarization 1insensitive optical phase modulator of
claim 4, wherein the liquid crystal polymer 1s exposed using
an un-polarized ultraviolet (UV) light beam.

6. The polarization 1nsensitive optical phase modulator of
claim 5, further comprising a linear photo-polymerization
clement on a surface of a silicon backplane and exposed by
a polarized UV light beam with a polarization direction at
45° to a slow axis of the liquid crystal element.

7. The polarization insensitive optical phase modulator of
claiam 1, wherein the polymer QWP comprise different
patterns corresponding with different applications.

8. The polarization insensitive optical phase modulator of
claim 1, wherein liquid crystal element has a thickness of
from about 2 um to about 10 um.
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9. The polarnization insensitive optical phase modulator of
claim 1, wherein the QWP has a thickness of from about 0.4

um to about 4 um.

10. The polarization insensitive optical phase modulator
of claiam 1, further comprising a first alignment layer
between the first electrode and the liquid crystal element and
a second alignment layer between the second electrode and
the liquid crystal element.

11. A liguad crystal on silicon (LCOS) device providing a
substantially polarization independent response to input
light, the LCOS device comprising;:

a glass substrate having first and second opposing sur-

faces;
a silicon backplane having first and second opposing

surfaces:

a liquid crystal material between the first surface of the
glass substrate adjacent the liquid crystal material and
the first surface of the silicon backplane adjacent the
liguid crystal matenal;

a first electrode on the glass substrate between the glass
substrate and the liquid crystal matenal, the first elec-
trode being a transparent electrode that provides a
common potential voltage V__ : and
a second electrode on a frame bufler pixel circuit that

includes a first electric gate, a source follower, and a
second electric gate,

wherein the second electrode 1n a pixel 1s not limited to

frame builer pixel circuit.
12. The LCOS of claim 11, wherein the frame bufler pixel
circuit comprises a frame 1image that 1s fully displayed while
next frame data 1s loading.
13. The LCOS of claim 11, wherein the first electrode
common potential voltage V___ operates 1 a tlip-tlopped
manner in sequential frames to realize alternating current
(AC) drniving to the liquid crystal element.
14. The LCOS of claim 11, wherein the first electrode
Vcom 1s provided from an electronic driving board outside
of a LCOS panel.
15. The LCOS of claim 14, further comprising an elec-
tronic board configured to provide an adjustable voltage to
drive different liquid crystal elements.
16. A method of fabricating a polymer quarter-wave plate
(QWP) for a polarization insensitive optical phase modula-
tor, the method comprising:
providing a silicon backplane;
forming a second electrode on the silicon backplane, the
second electrode including individually addressable
pixels and reflection metal mirrors on pixel surfaces;

forming a linear photo-polymerization (LPP) layer on the
first electrode;

exposing the LPP layer to polarized ultra-violet (UV)

light;

forming a liquid crystal polymer (LCP) layer on the

exposed LPP layer; and

exposing the LCP layer to un-polarized UV light to

provide the polymer quarter-wave plate (QWP)
between the second electrode and a liqud crystal
clement.

17. The method of claam 16, wherein the polymer QWP
has an optical axis at 45 degrees to a liquid crystal slow axis.

18. The method of claim 16, wherein reflected light has a
90 degree polarization rotation before traversing the liquid
crystal element a second time.

19. The method of claim 16, wherein the QWP has a
thickness of from about 0.4 um to about 4 um.
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